The high mobility group A (HMGA) family of nonhistone chromosomal proteins is encoded by two related genes, HMGA1 and HMGA2. HMGA proteins are architectural transcription factors that have been found to regulate the transcription of a large number of genes. They are also some of the most commonly dysregulated genes in human neoplasias, highlighting a role in growth control. HMGA1 and HMGA2 have also been found to stimulate retroviral integration in vitro. In this study, we have cloned chicken HMGA1, and used the chicken DT40 B-cell lymphoma line to generate cells lacking HMGA1, HMGA2 and both in combination. We tested these lines for effects on cellular growth, gene control and retroviral integration. Surprisingly, we found that the HMGA gene family is dispensable for growth in DT40 cells, and that there is no apparent defect in retroviral integration in the absence of HMGA1 or HMGA2. We also analyzed the activity of approximately 4000 chicken genes, but found no signi®cant changes. We conclude that HMGA proteins are not strictly required for growth control or retroviral integration in DT40 cells and may well be redundant with other factors.
INTRODUCTION
High mobility group (HMG) proteins are a group of nonhistone chromosomal proteins that are de®ned by their ability to be extracted from chromatin using 0.35 M NaCl and solubility in 5% perchloric acid (1) . HMG proteins are divided into three families: HMGA (formerly known as HMGI/Y), HMGB (formerly known as HMG-1 and -2) and HMGN (formerly known as HMG-14 and -17). HMG proteins have been called`architectural transcription factors' because they have no transcription activation or repression activities themselves, but they help assemble large, multiprotein complexes on DNA that can then activate or repress transcription (2) .
The HMGA family consists of four proteins: HMGA1a, HMGA1b, HMGA1c and HMGA2. HMGA1a, 1b and 1c are all encoded by the same gene but vary in length due to alternative splicing (3±5), and HMGA2 is encoded by a separate gene (6) . The common structural motifs in this group include three DNA binding domains and an acidic C-terminus (7) . The DNA binding domains are called A-T hooks because they bind short (4±6 bp) AT-rich sequences in the minor groove (8±10). Two or more AT hooks can bind separate AT-rich regions, causing bridging of two separate DNA molecules (8, 9) . If the AT-rich regions are located on the same stretch of DNA, binding by HMGA can induce bending, straightening, looping or unwinding depending on the context of the binding sites (10) .
HMGA proteins have been shown to regulate the transcription of a large number of genes (11) . One of the most well studied examples is the interaction of HMGA1 with the interferon (IFN)-b enhancer. At the IFN-b enhancer, HMGA1 binds and reverses an intrinsic DNA bend. Reversal of this bend allows other transcription factors to bind, and protein± protein interactions between HMGA1 and some of these transcription factors stabilize enhanceosome formation. The basal transcription machinery is then recruited to the enhanceosome and transcription is initiated (12±16).
HMGA proteins may also in¯uence gene expression at the level of chromosomal organiztion by displacing the transcriptional repressor histone H1 at scaffold attachment regions (SARs), which are A-T-rich regions at the base of large loops of chromatin (17) . Histone H1 is thought to be a general transcription repressor that acts by folding chromatin into higher order structures that are inaccessible to the transcription machinery (18±20). Removal of histone H1 mediated by HMGA1 de-represses transcription near SARs in vitro, and HMGA1 is enriched in histone H1 depleted, transcriptionally active chromatin fractions, indicating that it may play the same role in vivo (17) .
In accordance with their many roles in transcription regulation, aberrant expression of HMGA proteins has been implicated in a large number of human cancers (reviewed in 21). Over-expression of full-length proteins has been detected in almost every tumor type analyzed, and there is a strong correlation with HMGA over-expression and tumor progression. Those tumors that have the highest HMGA expression level have been found to have increased malignancy and metastatic potential. Translocations that attach the DNA binding regions of HMGA proteins (most commonly HMGA2) to heterologous partners are frequently found in common benign mesenchymal tumors, and may be the most commonly rearranged genes in human neoplasias (21) . HMGA proteins have also been shown to activate retroviral preintegration complexes (PICs) in vitro. PICs can be extracted from recently infected cells and if an exogenous target DNA is added to the extract, PICs can mediate the integration of the viral cDNA into the target DNA. If the PICs are ®rst subjected to a high salt wash, however, the integration activity is lost. Extracts from uninfected cells could restore integration activity to high salt inactivated PICs and fractionation of these extracts identi®ed HMGA1 as the active component in the extracts. Integration activity can also be restored by adding puri®ed recombinant HMGA proteins to high salt inactivated PICs. HMGA1 can be detected in PIC extracts by western blotting. When these observations are taken together, it is reasonable to think that HMGA1 is a functional part of retroviral PICs (9, 22) .
Mouse embryonic stem cell lines in which HMGA1 was knocked out have recently been described and these lines were found to have increased expression of BRCA-1 (23) . The phenotype of HMGA1 knockout mice has not been reported. Inactivation of HMGA2 in mice leads to a pygmy phenotype (24) and a reduction in adipose tissue (25) .
In this study, we used the chicken DT40 B-cell lymphoma line to generate knockout cell lines lacking HMGA1, HMGA2 or both in combination. We have used these lines to investigate the role of the HMGA family in cell growth, the transcription of approximately 4000 chicken genes and retroviral integration.
MATERIALS AND METHODS

Cloning and mapping of chicken HMGA genes
To isolate the chicken ortholog of HMGA1, a stage 3 chicken embryo library (obtained from Martyn Goulding, The Salk Institute, La Jolla, CA) was screened using the human HMGA1 coding sequence as a probe. Low stringency hybridization identi®ed several clones that hybridized to the human probe. Sequencing the insert of one of these, pBBcHMGA1b, identi®ed a coding region that was highly similar to human HMGA1b (GenBank accession no. AY303673). The chicken HMGA1b coding sequence identi®ed in this clone was used to screen a chicken genomic library (Stratagene, La Jolla, CA) and several clones were identi®ed that contained the chicken HMGA1 locus. These clones were subcloned and subjected to restriction mapping to generate a genomic map of the chicken HMGA1 locus.
Chicken HMGA2 had been cloned previously by Martin Groenen (26) , who kindly sent us two cDNA clones, HCC3 and HCC4, and one genomic clone, H34, containing the 3¢ end of the HMGA2 gene. We PCR ampli®ed the HMGA2 coding region from HCC3 and used the PCR product to screen a chicken genomic library (Stratagene) to obtain clones containing the 5¢ end of the HMGA2 gene. Several of these clones were subjected to restriction digest mapping to generate a map of the HMGA2 locus.
Generation of knockout constructs
pBluescript SK+ was digested with BamHI, ®lled in with T4 polymerase and religated to generate pBluescriptnoBam. Oligos BB37 (5¢-ATAACTTCGTATAATGTATGCTATAC-GAAGTTATGGATCCATAACTTCGTATAATGTATGCT-ATACGAAGTTATTGCA-3¢) and BB38 (5¢-ATAACTTC-GTATAGCATACATTATACGAAGTTATGGATCCATAA-CTTCGTATAGCATACATTATACGAAGTTATTGCA-3¢) were annealed and ligated into PstI-cut pBluescriptnoBam to generate pBluescript-lox. Cassettes containing histidinol dehydrogenase (hisD), puromycin-N-acetyl-transferase (puro), blasticidin S-acetyltransferase (bsr) and xanthineguanosine phosphoribosyltransferase (gpt), all under the control of the chicken beta-actin promoter, were kindly provided by J. M. Buerstedde (Heinrich-Pette-Institut for Experimental Virology and Immunology, Hamburg, Germany) and cloned into the BamHI site of pBluescriptlox to generate pBB102, pBB103, pBB104 and pBB105, respectively.
A 7.5 kb ApaI±SspI fragment downstream of the HMGA1 coding region was cloned into pBB104 and pBB105 to generate pBB104+ds and pBB105+ds. An 8 kb NotI fragment (one NotI site provided by the vector) upstream of the HMGA1 coding region was cloned into pBB104+ds and pBB105+ds to generate pBB104KO and pBB105KO.
Oligos BB296 (5¢-AATTGGCGCGCCGGCCGGCCG-TAC-3¢) and BB297 (5¢-GGCCGGCCGGCGCGCC-3¢) were annealed and ligated into EcoRI/KpnI-cut pBB102 and pBB103 to add AscI and FseI sites, generating pBB102mod and pBB103mod. An~8 kb region downstream of HMGA2 exon III was ampli®ed using primers BB300 (5¢-GGC-CGGCCCTTCCAGGAGAGGATCAGC-3¢) and BB301 (5¢-GGCGCGCCGGTACCGAAAAGTTAACCACAGCTCCC-3¢), generating a fragment¯anked by AscI±KpnI proximal to exon III and FseI distal to exon III. This fragment was cloned into AscI/FseI-digested pBB102mod and pBB103mod to generate pBB102+ds and pBB103+ds. Oligos BB294 (5¢-GCGGCCGCCGCGCTCCGCATGTTGTG-3¢) and BB295 (5¢-ACTAGTGGCGAGCCGAGAGCTCAG-3¢) were used to amplify a 1 kb region upstream of HMGA2 exon I. This fragment was digested with NotI and SpeI and cloned into NotI±SpeI-digested pBB102+ds and pBB103+ds to generate pBB102KO and pBB103KO.
Culturing DT40 cells DT40 cells were maintained in RPMI (Invitrogen, Carlsbad, CA) plus 10% FBS plus 1% chicken serum plus 50 mM betamercaptoethanol. During selection for drug-resistant clones, cells were grown at 42°C. DT40 cells have a doubling time of 8±10 h at 42°C and growth at this temperature speeded the isolation of drug-resistant clones. Cells were generally maintained at 37°C at all other times.
Transfection and selection
A total of 10 7 DT40 cells were washed once with PBS and resuspended in 500 ml of PBS in a 0.4 cm electroporation cuvette. Fifty micrograms of linearized knockout construct was added to the cells and the mix was incubated on ice for 10 min. Cells were electroporated at room temperature in a BioRad Gene Pulser at 300 V and 975 mF. After electroporation, cells were incubated on ice for 10 min, resuspended in 20 ml of normal growth medium and incubated at 42°C for 18 h. After recovery, the volume of medium was increased to 80 ml, the appropriate drug selection was added and the mix was plated in four 96-well plates. Resistant clones generally appeared after 5±7 days.
Screening for homologous recombinants
Genomic DNA from drug-resistant clones was analyzed by Southern blotting to determine which clones had undergone homologous recombination to knockout one allele. Genomic DNA from putative HMGA1 knockout clones was digested with SphI and probed with a 300 bp SspI±SphI DNA fragment located directly downstream of the genomic region included in the knockout construct. Wild-type alleles will generate añ 10 kb band and knockout alleles will generate an~12 kb band in this Southern blot analysis. Genomic DNA from putative HMGA2 clones was digested with KpnI and probed with a DNA fragment generated by PCR ampli®cation of a region immediately downstream of the genomic DNA region included in the knockout construct. Oligos used for this ampli®cation were: BB298, 5¢-ACCTAACACAGAATAA-ATTGAAG-3¢; BB299, 5¢-CTAGGGCAGGCTAATATG-AGG-3¢. Wild-type alleles will generate an~10.5 kb band and knockout alleles will generate an~8 kb band in this Southern blot analysis. A subset of clones that had lost one endogenous allele were transfected with the second knockout construct targeting the same locus and double drug-resistant clones were screened to isolate knockout lines. HMGA1/ HMGA2 double knockout lines went through four transfection and screening rounds.
Analysis of RNA expression in putative knockout clones
To con®rm that clones identi®ed as knockouts by Southern blotting were indeed knockouts, total RNA from clones was analyzed for the presence of HMGA1 and HMGA2 mRNA. Northern blotting using a chicken HMGA1b cDNA as a probe was used to con®rm loss of expression of HMGA1. RT±PCR was performed on total RNA using primers BB185 (5¢-CCGGGCGGAGGGCTGAG-3¢) and BB186 (5¢-GATT-CTTGTGACGATGTTTCTT-3¢) to con®rm loss of expression of HMGA2. RT±PCR was performed using a Superscript OneStep RT±PCR kit (Invitrogen) and the following cycle temperatures and times: 92°C/2 min; (92°C/15 s, 65±55°C/ 15 s, 72°C/45 s) Q 20 cycles (annealing temperature started at 65°C and decreased 0.5°C every cycle to 55°C); (92°C/15 s, 55°C/15 s, 72°C/45 s) Q 35 cycles.
Monitoring cell growth rate
Cells were examined microscopically to make sure that cell viability was >90%, and counted with a Coulter Counter. Initial cultures were seeded at 1 Q 10 5 cells/ml. Approximately 18 h after seeding, cells were counted again, and this count was used as the starting time point. Cells were counted in a Coulter Counter approximately every 12 h thereafter for 36 h.
Single round HIV-based vector infection
HIV-based vector particles transducing luciferase were generated as described previously (27; J. M. Kilzer, T. H. Stracker, B. F. Beitzel, K. Meek, M. D. Weitzman and F. Bushman, submitted for publication). Cells were spin infected (28) at 1200 g for 2 h and then incubated at 37°C for 2±3 days prior to quantitation of marker expression. Luciferase expression was quantitated using LucLite (Perkin Elmer, Boston, MA).
Spreading infection of avian retrovirus
RCASBP(C) and RCASBP(M2C)GFP were kindly provided by Stephen Hughes (National Cancer Institute, Frederick, MD). The GFP cassette was excised from RCASBP-(M2C)GFP by ClaI digest and cloned into ClaI-digested RCASBP(C) to generate RCASBP(C)GFP. RCASBP(C)GFP was transfected into DF-1 cells to generate replicationcompetent virus. Supernatant was removed from the transfected DF-1 cells and ®ltered with a 0.22 mm syringe ®lter to remove any suspended cells. This ®ltered supernatant was added to the DT40 cell lines to initiate infection and the spread of the infection was monitored by FACS analysis to detect GFP¯uorescence.
Global analysis of cellular transcription using spotted cDNA arrays RNA labeling and cDNA array hybridizations were performed by the Fred Hutchinson Cancer Research Center Genomics Core (Seattle, WA) as described previously (29) .
RESULTS
Disruption of HMGA1
A cDNA encoding chicken HMGA1b was isolated by screening a stage 3 chicken embryo cDNA library with a human HMGA1 probe. Low stringency washes after hybridization identi®ed several clones and sequencing of one of these clones (pBBcHMGA1b) identi®ed a 1089 bp cDNA with a 288 bp coding region. In silico translation of the coding region gave a 96 amino acid protein with a predicted molecular weight of 10.5 kDa that was 71% identical to human HMGA1b and had completely conserved A-T hook DNA binding domains (Fig. 1A) . This chicken HMGA1b cDNA was subsequently used as a probe to screen a chicken genomic library to identify clones containing the chicken HMGA1 locus. These clones were restriction mapped and a partial map is shown in Figure 1B .
Mapping of the HMGA1 locus showed that all of the coding exons were contained in a 1.9 kb region. Using this information, we generated knockout contructs pBB104KO and pBB105KO. Homologous recombination between these constructs and the endogenous locus replaces all of the coding exons with a blasticidin-S resistance cassette (pBB104KO) or a mycophenolic acid resistance cassette (pBB105KO). Following transfection of the knockout constructs into DT40 cells and selection with the appropriate antibiotic, genomic DNA from the resistant clones was isolated and screened by Southern hybridization. Clones were identi®ed that had undergone homologous recombination, resulting in the disruption of one HMGA1 allele. These clones were then transfected with the second knockout construct (bearing the other antibiotic selection marker) and selected for resistance to both antibiotics. Doubly resistant clones were screened by Southern hybridization and those clones that had undergone a second round of homologous recombination, resulting in disruption of the second HMGA1 allele, were identi®ed ( Fig. 2A) . Several knockouts were generated in this manner and three were chosen for further study. They were designated A1-1, A1-2 and A1-3. The order of transfections used in generating each of these clones is indicated in Table 1 .
Disruption of HMGA2
It has been shown previously that HMGA2 has activity similar to that of HMGA1 in in vitro integration assays (9) . Using the chicken HMGA2 cDNA sequence (26), we designed primers for RT±PCR and analyzed DT40 RNA for the presence of HMGA2 message. We found that DT40 cells do express HMGA2 (data not shown), so we decided to attempt to knockout HMGA2 as well as HMGA1. We obtained two cDNA clones and one genomic clone from Martin Groenen (26) . The genomic clone, H34, only contained the 3¢ end of the coding region of HMGA2, so we used one of the cDNA clones, HCC3, to screen a chicken genomic DNA library to obtain clones that contained the 5¢ end of the HMGA2 coding region. After restriction mapping the 5¢ end of the HMGA2 locus, we decided on a knockout strategy that would remove exons 1±3, containing the A-T hook DNA binding domains of HMGA2 (Fig. 1C) . We generated knockout constructs pBB102KO and pBB103KO and used those to target the endogenous HMGA2 alleles. Transfection and screening as described above resulted in the generation of HMGA2 knockout lines A2-1 and A2-2 ( Fig. 2B and Table 1 ).
Co-disruption of HMGA1 and HMGA2
We were also able to generate lines in which both genes were disrupted. Using the reagents and methods described above, we generated double knockout lines A1/A2-1 and A1/A2-2 (Table 1) .
HMGA expression in knockout lines
To con®rm that cell lines designated as knockouts by Southern hybridization were indeed knockouts, total RNA was isolated from all cell lines and subjected to northern blotting to detect HMGA1 mRNA and RT±PCR to detect HMGA2 mRNA. As shown in Figure 3 , clones A1-1, A1-2 and A1-3 have no detectable HMGA1 RNA, as expected. Clones A2-1 and A2-2 have no HMGA2 RNA detectable by RT±PCR, and clones A1/A2-1 and A1/A2-2 have no detectable HMGA1 RNA or HMGA2 RNA. Loss of HMGA2 does not perturb transcription of HMGA1, indicating that HMGA2 does not regulate HMGA1 transcription. Loss of HMGA1 does not appear to perturb the transcription level of HMGA2, but modest effects could have been missed in the RT±PCR used to detect the HMGA2 message.
Growth rate of cell lines is not dependent on HMGA expression status
As shown in Figure 4 , the growth rate of the various HMGA wild-type and knockout cell lines was not dependent on the expression of HMGA1, HMGA2 or both together. There was some variability in the growth rate of the cell lines, but that variability does not correlate with HMGA expression. For example, one double knockout line (A1/A2-1) was the fastest growing cell line in this experiment and the other double knockout line (A1/A2-2) was the slowest growing. This does indicate that quantitative changes in phenotype can be observed during subculture of particular cell lines (also see below). We did not observe any growth rate differences whether the cells were grown at 37 or 42°C with either 1 or 10% chicken serum in the growth medium.
Infection with HIV-based lentiviral vectors
In order to assess whether retroviral integration can occur in the absence of HMGA1 or HMGA2, we infected the HMGA knockout lines with vesicular stomatitis virus G protein (VSV-G) pseudotyped HIV-based lentiviral vectors (27) which transduce a luciferase expressing construct (J. M. Kilzer, T. H. Stracker, B. F. Beitzel, K. Meek, M. D. Weitzman and F. Bushman, submitted for publication). These vectors were produced by transfecting three plasmids into 293T cells. The ®rst encodes all of the viral structural proteins and enzymes, the second encodes the VSV-G protein, and the third encodes a genomic RNA that is packaged into virions and contains a luciferase expression cassette. Two days after transfection, the vector-containing supernatant is removed from the 293T cells, ®ltered to remove any detached cells, and added to the various DT40 cell lines.
Approximately 3 days after infection, luciferase activity in the infected cells was assayed. As shown in Figure 5C , luciferase activity in all eight cell lines was relatively similar. There was some variation in the amount of luciferase activity from infected cell lines, but this variation did not correspond with HMGA genotype. In particular, clone A1/A2-2, a double knockout line, showed an~2-fold increase in luciferase activity, but clone A1/A2-1, another double knockout line, did not show this increase. Luciferase activity was integrase dependent, as infection with an equal amount of vector carrying an integrase with a mutation in the catalytic site (E152A) had greatly reduced luciferase activity. From this we conclude that HMGA proteins are not strictly required for HIV-based vector integration in DT40 cells.
Spreading infection with RCAS vectors
Although HMGA is not strictly required for integration, as shown above, it is possible that the integration process could be slowed in the absence of HMGA, and this would not necessarily be detected in a single round infection assay. The activity of avian retroviral integrase is stimulated in vitro by the addition of HMGA1 (30), so we decided to see whether a spreading infection by a replication competent avian retrovirus was slowed in HMGA knockout lines. RCASBP(C)GFP was added to the cells and the spread of the infection was monitored by FACS analysis. We did detect an overall increase in the percentage of GFP-positive cells over the course of the 11 day infection (Fig. 6) , consistent with viral spread. However, the spread of the GFP marker appeared inef®cient, potentially due to sluggish growth of the virus or loss of the GFP marker during multiple rounds of replication. Clone A1/A2-2 showed more rapid spread than other clones at early time points, a result which may be related to the increased infection of this line by HIV-based vectors. Considering all of the cell lines together, the rate of increase in the percentage of GFP-positive cells did not correlate with HMGA expression status, indicating that the spreading infection was not slowed by the absence of HMGA. From this we concluded that the rate of integration is not signi®-cantly slower in HMGA knockout lines.
Transcriptional pro®ling
In order to carry out a global analysis of transcriptional activity in HMGA knockout cell lines, we used a chicken cDNA array containing approximately 4000 cDNAs (29) Each RNA sample was analyzed on two chips, one with Cy3-labeled wild-type RNA and Cy5-labeled knockout RNA, and one with the dyes reversed to prevent dye bias in the analysis. A total of 10 chips were used to analyze RNA from HMGA1 knockout lines (lines A1-1 and A1-3 were analyzed twice each) and four chips each were used to analyze HMGA2 knockout lines and double knockout lines. We did not see any changes in gene expression >3-fold increased or decreased, and some of the more modest changes we saw were not observed in northern blot analysis of those same genes (data not shown). Evidently, HMGA proteins do not play a large role in the regulation of the genes included in the array in DT40 cells.
DISCUSSION
In this work we have cloned chicken HMGA1, generated cell lines lacking HMGA1, HMGA2 or both in combination, and analyzed these cell lines for effects on cell growth, cellular transcription and retroviral integration.
DT40 cells lacking HMGA1 and HMGA2 are viable, have no apparent defects in cell growth, and show no change in the expression levels of approximately 4000 genes. This is a surprising result for several reasons. First, HMGA1 and HMGA2 have been shown to play a direct role in the regulation of a large number of genes (11) and HMGA proteins are thought to play a more general role in the regulation of transcription over large areas of chromatin by removing histone H1 from SARs, thereby de-repressing transcription in those regions (17) . Secondly, HMGA dysregulation is seen in a large number of human neoplasias and there is a strong correlation between high HMGA expression levels and increased malignancy (21) . Lastly, manipulation of HMGA levels in mice causes dramatic phenotypes. Although mouse ES cells in which HMGA1 has been knocked out have been described (23) , there have been no reports of HMGA1 knockout mouse lines, consistent with HMGA1 being essential for mouse development or fertility. Knockout mice de®cient for HMGA2 have a pygmy phenotype (24) and have less adipose tissue (31). Some previously identi®ed HMGA-regulated genes, such as CD44 (32) , were present on the cDNA array used in this study, but most of the well characterized HMGA-regulated genes, such as IFN-b (12, 14, 33, 34) , IL-2 (35, 36) and IL2Ra (37±39), were not represented. Since only a small subset of chicken genes are represented on the cDNA array used in this study, many possible HMGA-regulated genes may have been missed.
One possibility for the lack of a phenotype in our DT40 cell knockouts could be that other HMGA family members are encoded in the chicken genome. To check for this, we searched the BBSRC Chicken EST Database (www.chick. umist.ac.uk/cgi-bin/chicken_database.cgi) for ESTs related to already identi®ed chicken HMGA genes (40) . This database contains 340 000 ESTs from 21 different chicken tissues and is the largest chicken EST database publicly available. We searched this database using the tblastx program using permissive criteria (Blosum45 matrix). We identi®ed four EST clones that contained coding sequences identical, or nearly so, to pBBcHMGA1b (one clone contained two single nucleotide insertions). One of the clones may represent a splice variant, as its 5¢ untranslated region was unrelated to the other clones. Similar searches with the chicken HMGA2 sequence failed to locate clones with sequences other than those already identi®ed. Although these searches are not conclusive, they do support the idea that there are no other HMGA family members in chickens.
Since the HMGA knockout clones all originated as single drug-resistant cells, it is possible that during selection they adapted to growth without HMGA proteins so that the phenotypes of the lines do not faithfully represent the role of HMGA proteins. Although this is not strictly ruled out, we have partially addressed this question by using RNA interference (RNAi) to knock down HMGA1 expression in human cell lines (data not shown). Using RNAi, we have been able to suppress HMGA1 expression by up to 95% without an apparent phenotype in most cell lines that we have tested. A few cell lines appear to have a slower growth rate when HMGA1 is suppressed, indicating that HMGA1 requirements are cell-type speci®c.
Another class of HMG proteins, HMGN, has also been knocked out in DT40 cells, and was similarly found to lack an obvious phenotype (41, 42) . It is possible that HMG proteins may have some functional redundancy and loss of only one class could be complemented by another. Alternatively, HMGA and HMGN expression may only be required in certain cell types or at certain times during development or may not be required at all during growth in cell culture. It is also possible that viability in the absence of these proteins is a peculiarity of DT40 cells.
Cell lines lacking HMGA did not show reduced ef®ciency of retroviral replication. Single round infection assays showed no difference in integration ef®ciency in the absence of HMGA proteins and viral spread was not slowed in a spreading infection assay with an avian retrovirus. DT40 cells may express other factors that could be involved in integration, including BAF (43) or LEDGF (44) . Alternatively, retroviral integration may not require host-encoded cofactors, relying instead on virus-encoded cofactors such as HIV nucleocapsid (22,45±50).
The cell lines described in this work add to a growing number of DT40 cell knockout lines. A large pool of DT40 knockouts, combined with the reagents generated during the production of those lines, creates a powerful tool to probe the interactions of a large number of proteins. As long as a gene has been knocked out previously, it is a relatively easy task to combine knockouts and analyze the effects of multiple genes on processes in DT40 cells.
